Thus, arginine methylation has the potential to impact aspects of T. brucei gene expression, cell biology, and pathogenesis. Interestingly, pathways with known methylated proteins in higher eukaryotes were identified in this study, but often different components of the pathway were methylated in trypanosomes. Methylarginines were often identified in glycine rich contexts, although exceptions to this rule were detected. Collectively, these data inform on a multitude of aspects of trypanosome biology and serve as a guide for the identification of homologous arginine methylated proteins in higher eukaryotes.
Introduction
Trypanosoma brucei, the etiologic agent of African sleeping sickness, undergoes a complex life cycle involving both mammalian and insect hosts. During its life cycle, the parasite must respond to numerous signals as it differentiates into multiple developmental forms, each with distinctive patterns of gene expression and cell biology [1] . Amazingly, trypanosomes achieve this task in the absence of transcriptional regulation [2, 3] . Instead, regulation of RNA stability and possibly alternative pre-mRNA trans-splicing shapes the set of translatable mRNAs, while differential translation efficiency and protein stability affects the quantities of proteins generated from the transcript pool. Another factor that can profoundly alter protein function and, thus, gene expression and cell biology is posttranslational modification of proteins. For example, histone lysine methylation plays important roles in replication control in trypanosomes [4] and in the telomeric silencing and variant surface glycoprotein switching crucial to their evasion of host immune defenses [5, 6] . A phosphorylation cascade required for differentiation from bloodstream stumpy to procyclic forms (PFs) has been identified in T. brucei [7] , and cytokinesis in slender bloodstream forms (BFs) is regulated by a family of kinases [8] . Nearly 500 phosphoproteins were identified using a global proteomic approach in bloodstream form T. brucei [9] . However, much remains to be discovered regarding the types and scope of posttranslational modifications and their roles in trypanosome biology. Arginine methylation is a common posttranslational modification with impacts on diverse cellular functions including transcriptional regulation, pre-mRNA splicing, DNA repair, and signal transduction [10] . Three major methylated arginine species exist: ω-N G ,N G -asymmetric dimethylarginine (ADMA) in which two methyl groups are added to the same terminal nitrogen; ω-N G ,N′ G -symmetric dimethylarginine (SDMA) in which two methyl groups are added to adjacent terminal nitrogens of a given arginine residue; and ω-N G -monomethylarginine (MMA) bearing only one methyl group. ADMA and SDMA are catalyzed by Type I and Type II protein arginine methyltransferases (PRMTs), respectively. MMA is generated as an intermediate by Type I and Type II PRMTs and as a terminal product by Type III PRMTs [10, 11] . Functional studies in several systems have revealed arginine methylation as a significant regulator of interactome dynamics, with both positive and negative impacts on protein-protein and, less often, protein-nucleic acid associations [10, 11] . While methylation does not affect the charge of the modified arginine, it increases its mass. Interestingly, although it has been widely thought that methylation decreases hydrogen bonding potential, recent evidence suggests that carbon atoms are also capable of forming hydrogen bonds [12] . Thus, arginine methylation has the potential to either enhance or reduce hydrogen-bonding interactions and thereby impact proteinprotein and protein-nucleic acid interactions both positively and negatively.
Despite the reported widespread effects of arginine methylation, only a limited number of methylarginine containing proteins and specific methylarginine residues have been identified in any organism. A pioneering study by Boisvert, et al. [13] identified over 200 proteins immunoprecipitated by antimethylarginine antibodies in HeLa cells; however, arginine methylated proteins could not be distinguished from proteins in complex with methylated proteins and sites of methylation were not determined. More recently Uhlmann et al. [14] used SILAC to identify 241 methylarginine sites in 131 proteins, thereby expanding the known repertoire of this modified protein class. We recently reported the first comprehensive study of arginine methylated proteins in mitochondria, mapping sites of methylarginine within 167 proteins from the mitochondria of PF T. brucei [15] . Mitochondrial arginine methylated proteins span diverse functional classes including metabolism, RNA processing, and kDNA replication. T. brucei possesses five PRMTs, including two Type I enzymes, one Type II enzyme, one Type III enzyme, and one enzyme that remains uncharacterized [16] [17] [18] [19] [20] . Knockdown of the Type I enzyme, TbPRMT1, affects mitochondrial gene expression, apparently through numerous effector proteins [21, 22] . TbPRMT6, the other characterized Type I enzyme, is essential for normal growth of BF and PF and is implicated in cytokinesis [18] . To further probe potential roles of arginine methylation in the biology of trypanosomes, we used a global proteomic approach to identify arginine methylated proteins and map their sites of methylation in PF T. brucei. Using our previously described approach [15] , which entails dual-enzyme proteolysis, efficient two-dimensional chromatographic separation, and an activation strategy alternating electron transfer dissociation (ETD) and collision induced dissociation (CID), we identified 1332 methylarginines in 676 proteins. Arginine methylated proteins are found in essentially all cellular compartments and in an array of biological pathways. For example, proteins involved in flagellar structure and function, RNA biology, protein trafficking, signaling, protein folding and degradation, and DNA repair were abundant in the set of arginine methylated proteins. A large percentage of arginine methylated proteins identified here were hypothetical proteins unique to kinetoplastids. In other cases, arginine methylation appeared to impact pathways in trypanosomes that are also affected by this modification in higher eukaryotes, albeit through distinct components of a given pathway. Methylarginine was most often found in glycine rich contexts as described in other systems, although exceptions to this rule were identified. The present study greatly expands the known targets of arginine methylation in biology. It thus informs a multitude of aspects of trypanosome biology and serves as a guide for the identification of homologous arginine methylated proteins in higher eukaryotes.
2.
Materials and methods
Antibodies
ASYM24 and SYM11 antibodies [13] , with specificity for ADMA and SDMA, respectively, were purchased from EMD Millipore. mRG antibodies [23] , which were raised against an RG peptide containing ADMA at every arginine residue, were purchased from CH3 Biosystems, Buffalo, NY. mRG antibodies specifically recognize ADMA relative to unmodified arginine, although their reactivity against SDMA or MMA is unknown. Anti-myc was purchased from ICL Labs. Antibodies against TbRND were described previously [24] .
2.2.
T. brucei cell culture PF T. brucei strain 29-13 (Dr. George A.M. Cross, Rockefeller University), which contain integrated genes for the T7 RNA polymerase and the tet repressor, and its transgenic derivatives described below, were grown in SM media supplemented with 10% fetal bovine serum (FBS) as indicated previously [25] . BF single-marker T. brucei cells (Dr. George A.M. Cross, Rockefeller University) were cultured in HMI-9 medium supplemented with 10% FBS and 10% Serum Plus (SAFC) [26] . For creation of cells expressing Myc-His-TAP (MHT)-tagged proteins, genes encoding Tb927.5.4420, Tb927.4.2030, and Tb11.01.5680 were cloned into the pLew100 plasmid harboring a C-terminal Myc-His-TAP (MHT) tag and transfected into PF 29-13 T. brucei. Transformants were selected with 1.0 μg/ml of puromycin. Synthesis of MHT-tagged proteins was induced by addition of 2.5 μg/ml tetracycline to the growth medium for 4 days. 
Immunoprecipitation and western blot analysis

Protein extraction, sample cleanup and digestion
Sample preparation was carried out essentially as described in [15] . Briefly, mitochondrially enriched PF T. brucei extracts were on-pellet-digested using both trypsin and GluC. For GluC digestion, pellet dissolution was facilitated by adding the RapGest cleavable detergent to a final concentration of 0.1%. The digest was immediately fractionated with SCX chromatography.
Two-dimensional chromatography coupled to CID/ETD analysis
Offline 2-D chromatography was used to resolve the complex proteome prior to MS analysis. A Waters 2796 Bioseparations HPLC system (Milford, MA) was used for SCX fractionation. Separation was performed by injecting 600 μL of the tryptic or GluC peptides onto a Thermo Scientific BioBasic SCX column (4.6 × 250 mm, 5-μm particle size) at a flow rate of 1 ml/min. The optimized mobile phases for SCX column were A: 3 mM ammonium formate in 25% acetonitrile, pH 3.0 and B: 400 mM ammonium formate in 25% acetonitrile, pH 4.5. Fractions were collected into tubes every 2 min after the start of the gradient. A total of 40 fractions were collected for each sample, but the fractions with low-peptide contents (based on the absorbance at 280 nm) were combined, which resulted in 25 total fractions. All fractions were lyophilized and reconstituted in 2% acetonitrile containing 0.1% formic acid. The Nano-RPLC system consisted of a Spark Endurance autosampler (Emmen, Holland) and an ultra-high pressure Eksigent (Dublin, CA) Nano-2D Ultra capillary/nano-LC system. A nano-LC/nanospray setup was used to obtain a comprehensive separation of the complex peptide mixture. Mobile phases A and B were 0.1% formic acid in 2% acetonitrile and 0.1% formic acid in 88% acetonitrile, respectively. Samples were loaded onto a large-ID trap (300 μm ID × 1 cm, packed with Zorbax 3-μm C18 material) with 1% B at a flow rate of 10 μL/min. A series of nanoflow gradients was used to back-flush the trapped samples onto the nano-LC column (75 μm ID × 75 cm, packed with Pepmap 3-μm C18 material). Two different gradient elution profiles were employed: (i) a linear increase from 3% to 8% B over 5 min; (ii) an increase from 8 to 27% B over 65 min; (iii) an increase from 27 to 45% B over 30 min; (iv) an increase from 45 to 98% B over 20 min; and (v) isocratic at 98% B for 20 min. A shallower gradient was used to resolve complex samples: (i) 3 to 8% B over 5 min; (ii) 8 to 24% B over 145 min; (iii) 24 to 38% B over 95 min; (iv) 38 to 63% B over 55 min; (v) 63 to 97% B in 35 min, and finally (vi) isocratic at 97% B for 20 min.
An LTQ/Orbitrap-ETD hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA) operating under data-dependent product ion mode was used for protein identification. One scan cycle included an MS1 scan followed by either MS2 scans by alternating CID and ETD, to fragment the three most abundant precursors found in the MS1 spectrum. The target value for MS1
by Orbitrap was 8 × 10 6 , under which the Orbitrap was finely tuned for mass accuracy and FT transmission. For CID, the activation time was 30 ms, the isolation width was 1.5 amu, the normalized activation energy was 35%, and the activation q was 0.25. As for ETD, a mixture of helium and nitrogen (25% helium and 75% nitrogen, purity > 99.995%) was used as the reaction gas. The ETD reaction time was set at 110 ms and the isolation width was 2 amu for the precursor and 10 amu for the fluoranthene anions; supplemental activation, which uses a short CID activation process to dissociate the charge-stripped precursors, was used to enhance the fragmentation efficiency for doubly charged precursors. The AGC value of fluoranthene anions was set at 5 × 10 5 .
Database search and protein/peptide identification
Tandem mass spectra that were embedded in Thermo .raw files were extracted by Bioworks 3.3.1 SP1 QF31448 (Thermofisher Scientific) and dta files were generated using ZSA and Combolon filters. Charger.exe (Thermofisher Scientific) was used to preprocess the ETD data. The filtered dta files were searched on Sequest Cluster 3.3.1 with a 64-CPU license (Thermofisher Scientific), against the TriTryp database containing 11425 gene entries (ver 10-20-2010) . The search parameters are as following: 15 ppm tolerance for precursor ion masses and 1.0 Da for fragment ion masses to process all CID and ETD data. The fasta database was indexed for the tryptic and GluC peptides with the assumption of fully enzymatic cleavage at both ends, and two and five missed cleavages were permitted respectively for trypsin and GluC. In terms of modifications, carbamidomethylation of cysteines was specified as a static modification, and methionine oxidation, di-methylation, and mono-methylation on arginine were specified as variable modifications.
Scaffold (version Scaffold_4.0.4, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. High Xcorr and deltaCN cutoffs were used to yield a peptide FDR of 0.5%. Protein identifications were accepted if they could be established by at least 2 unique peptides identified using the above criteria. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
3.
Results and discussion
Arginine methylated proteins are regulated during the T. brucei life cycle
We previously detected numerous arginine methylated proteins in whole cell extracts of PF T. brucei by immunoblot analysis with anti-methylarginine antibodies, and showed that a distinct set of arginine methylated proteins is enriched in mitochondria [15] . To further probe the global occurrence of arginine methylation in T. brucei, we asked whether production of arginine methylated proteins is regulated during the T. brucei life cycle by immunoblot of total PF and BF cell extracts. Antibodies ASYM24 and mRG both recognize ADMA, although within different contexts, and SYM11 detects SDMA [13, 23, 27] .
As seen in Fig. 1 , both PF and BF cells contain proteins that are recognized by the anti-methylarginine antibodies, with different patterns emerging for each antibody due to their specificities. Although we detect only 20-25 arginine methylated proteins, this is a gross underestimation of the total number of such proteins due to the limited binding properties of these antibodies [13, 23, 27] . Notably, life cycle stage specific patterns of expression of proteins harboring methylated arginines are apparent with each of the three antibodies. For example, 45 and 16 kDa asymmetrically dimethylated proteins detected by ASYM24 and mRG, respectively, appear to be PF specific. A 32 kDa symmetrically dimethylated protein detected by SYM11 is apparently present only in BF. We conclude that numerous arginine methylated proteins are present in both PF and BF T. brucei, some of which may have life cycle specific functions.
3.2.
Two-dimensional liquid chromatography (LC) coupled to CID/ETD mass spectrometry reveals abundant arginine methylation in T. brucei
Using a highly sensitive method that couples two-dimensional LC to CID/ETD mass spectrometry [15] , we analyzed partially purified extracts of PF T. brucei for peptides harboring methylarginine. We employed a stringent set of criteria for protein identification from ETD or CID spectra [15] . In addition to using the cutoff criteria, we manually inspected all ETD spectra to rule out false-positive identification and posttranslational modification localization. We previously reported the identification of 167 mitochondrially localized proteins from this mitochondrially enriched fraction [15] . However, due to the incomplete nature of the enrichment procedure, which is in part due to fragmentation and resealing of the single large mitochondrion, combined with the sensitive nature of our mass spectrometry analysis, we also identified a large number of proteins of non-mitochondrial origin. Proteins denoted here as "non-mitochondrial" include hypothetical proteins that did not meet our criteria for mitochondrial localization as well as those that are homologues of proteins with cytoplasmic or nuclear localization in other organisms and trypanosome proteins whose localization has been previously reported. While we cannot rule out the possibility that some hypothetical proteins not meeting our criteria for mitochondrial localization could in fact be mitochondrial, for simplicity we will refer to the set of proteins described above hereafter as "non-mitochondrial". Within this set of non-mitochondrial proteins, we identified 1332 methylarginines in 838 unique peptides representing 676 proteins (Table S1 ). Representative fragmentation spectra are shown in Fig. S1 . This study represents by far the largest compilation of methylarginine-containing proteins in any organism to date. Indeed, together with the 167 mitochondrial arginine methylated proteins previously identified [15] , the data reported here demonstrate that approximately 10% of the T. brucei proteome contains methylarginine [28] . This suggests that arginine methylation plays a key role in the biology of one of the earliest branching eukaryotes.
The most comprehensive analysis of arginine methylation prior to this study is that of Uhlmann et al. [14] , who identified 131 arginine methylated proteins, including the sites of methylation in human T cells using SILAC labeling. Although some cellular pathways that are impacted by arginine methylation in mammals were also similarly implicated in our study (see below), few homologous methylargininecontaining proteins are evident between the two studies, likely due in part to the evolutionary divergence of trypanosomes. Nevertheless, many of the proteins identified here as containing methylarginine do have homologues in mammals, and may yet be discovered to be methylated in other organisms. Thus, in addition to informing trypanosome biology, our large expansion of known arginine methylated proteins may also be useful as a prediction tool for methylation substrates in higher eukaryotes.
Co-immunoprecipitation validates mass spectrometry findings
To validate our mass spectrometry results, we performed co-immunoprecipitations on a subset of the identified methylarginine-containing proteins. We generated three transgenic cell lines, each expressing a Myc-His-TAP (MHT)-tagged version of a protein that was shown by mass spectrometry to contain methylarginine residues. Tagged proteins were precipitated using IgG resin, the Protein A moieties were removed by Tev protease cleavage, and the resulting proteins were analyzed by anti-methylarginine immunoblot. A positive signal using anti-myc antibody ensured that each protein was present in its specific eluate (Fig. 2) . Each of the three proteins was recognized by a subset of methyl-specific antibodies. Tb927.5.4420, annotated as a putative nucleolar RNA helicase II, contained five sites of methylation, including MMA, ADMA, and DMA whose type could not be resolved in our mass spectrometry analysis. This protein was detected by ASYM24, thereby confirming the presence of ADMA. While the mRG antibody also recognizes ADMA, it was raised against a peptide containing only RG repeats [23] . Two of three ADMA residues in Tb927.5.4420 reside within a glycine-rich region; however, the absence of extensive RG repeats presumably precludes detection by the mRG antibody. Tb11.01.5680, a hypothetical protein with two RNA recognition motifs (RRMs), was identified by mass spectrometry as containing both MMA and uncharacterized DMA. Methylated within an RGRG context, Tb11.01.5680 was efficiently recognized by both ASYM24 and mRG antibodies, indicating the presence of ADMA in Tb11.01.5680. Similarly, numerous sites of unclassified DMA and MMA were identified in the RNA binding protein, ALBA4 [29, 30] , within a region harboring RG and RGG repeats, and this protein was also recognized by both ASYM24 and mRG, indicating asymmetric dimethylation of arginine within this protein. Control reactions included immunoblots of presumed arginine methylated proteins with normal rabbit serum, which failed to generate signal as expected. Additionally, TbRND, a protein that apparently lacks methylarginine based on 70% mass spectrometry coverage [24] , failed to react with any of the anti-methylargine antibodies. Together, these data biochemically validate a subset of our mass spectrometry results and reveal the presence of ADMA in two proteins for which mass spectrometry was not able to classify the type of methylarginine.
Functional classification of arginine methylated proteins
Our mass spectrometry data indicate that over 10% of the proteins encoded in the T. brucei genome are modified by arginine methylation [28] . To begin to discern the relevance of arginine methylation in this parasite, we utilized the fully annotated genome (TriTrypDB) to identify correlations between 4), or TbRND (RND) were immunoprecipitated using IgG resin. The TEV eluates were then subjected to western blot analysis with anti-myc antibodies to detect the tagged protein or ASYM24 (ASYM) and mRG antibodies to detect ADMA. Normal rabbit serum (NRS) and TbRND were used as negative controls. IP, immunoprecipitation.
arginine methylation and subcellular localization and/or biological function. Initially, we classified arginine methylated proteins based on their subcellular localizations using the GO terms designated on TriTrypDB. As seen in Fig. 3A , we were able to predict the localizations of only 24% of arginine methylated proteins due to the large number of hypothetical proteins. Of those proteins with known or predicted subcellular localizations, the highest percentage was nuclear, representing 25% of classifiable proteins (41 proteins total) (Fig. 3B) . Other compartments that were well represented in the arginine methylome were integral membrane proteins, cytoskeleton associated proteins, and cytoplasmic proteins, which comprised 18%, 14%, and 12% of the classifiable proteins, respectively. In total, we identified 13 different cellular compartments predicted to contain arginine methylated proteins, and we previously reported over 150 arginine methylproteins localized to mitochondria [15] . Thus, protein arginine methylation is widespread in PF T. brucei.
The diverse localizations of arginine methylproteins suggest that this modification is likely to affect a wide range of cellular functions. To define the functional classes of arginine methylproteins, we again mined the T. brucei annotated genome database for all identified methylated proteins. To provide a standard classification, we first sorted proteins into 13 different categories based on their combined biological process and molecular function GO terms. Similar to the localization GO terms, we were able to predict functional classes for only 34% of the identified arginine methylated proteins due to the large number of hypothetical proteins (Fig. 4A) . Of the annotated proteins, the most highly represented class of proteins is those associated with the cytoskeleton and involved in locomotion (Fig. 4B ). There are 37 proteins within this category; however, this is primarily due to the presence of kinesins and dyneins, of which there are 14 and 9, respectively. While several proteins involved in flagellar function are arginine methylated in Chlamydomonas [31] , this is the first study to identify arginine methylation of dyneins and kinesins. In light of the reported functions of flagella in T. brucei, arginine methylation of flagellar proteins has the potential to impact pathogenesis through effects on host cell attachment, motility, morphogenesis, cell division and immune evasion [32, 33] .
3.5.
Arginine methylation and RNA processing
Consistent with the fact that many known PRMT substrates in other organisms are RNA binding proteins [10, 13, 14, 34] , proteins involved in RNA metabolism and translation constituted a large fraction of classifiable proteins in the T. brucei arginine methylome (Fig. 4B) . Because of the prominent roles of RNA processing, turnover, and translation in trypanosomatid gene regulation along with the abundance of hypothetical proteins in our data set, we further investigated the potential impact of arginine methylation on proteins known or predicted to be involved in RNA biology by manual inspection of the arginine methylome. We identified a total of 65 proteins that either bear motifs indicative of RNA binding are homologues of proteins that function in RNA metabolism or translation in other organisms have been reported to have such functions in T. brucei. As shown in Table 1 , this includes 10 putative RNA helicases, a class of proteins that functions at every step of RNA metabolism in higher eukaryotes [35] . Two of these, TbDED1-1 and TbDED1-2, were recently shown to have partially redundant functions in translation [36] , while MTR4 reportedly functions in rRNA processing [37] . Also identified as containing methylarginine were 10 RRM containing proteins. One of these, U2AF65, is an mRNA splicing and stability factor [38, 39] , and p34/37 are homologous proteins involved in ribosome biogenesis [40] [41] [42] . Among non-RRM proteins, we identified DCL2, a Dicer-like protein that is a component of the nuclear RNAi pathway [43] , the Not1 component of the major deadenylase complex [44, 45] , and the ALBA3/4 proteins that appear to regulate parasite development through modulation of mRNA stability and/or translation [29, 30] . Also present in the arginine methylome were additional proteins with known or predicted roles in RNAi, pre-mRNA splicing, mRNA 3′ end formation, RNA decay, translation, ribosome biogenesis, and tRNA modification. Finally, several ribosomal proteins were also identified as being substrates for methylation, which in higher eukaryotes affects ribosome assembly [46, 47] . Collectively, these data indicate that arginine methylation has the potential to impact essentially all steps of posttranscriptional gene regulation in trypanosomes.
For those proteins containing RRMs, interactions with RNA typically occur through aromatic residues within the RNP1 and RNP2 domains located on conserved β-sheets [48] . Having identified 10 RRM containing arginine methylated proteins, we next asked whether the positions of methylarginine relative to conserved domains could provide insight into functions of methylarginine in this evolutionarily conserved class of RNA binding proteins. We thus mapped the positions of methylated arginines detected by mass spectrometry relative to bioinformatically defined RRM domains (Superfamily SSF54928 in InterProScan). As shown in Fig. 5 , methylarginines are typically located outside of RRM domains, often near the N and C termini of the proteins or centrally positioned between two RRM domains. The exception to this generalization is Tb927.10.7030, in which methylarginines are located within RRM domains, thereby potentially impacting protein-RNA binding. The positioning of methylarginine within the majority of these proteins suggests that methylation does not frequently impact protein-RNA interactions but more likely affects protein-protein interactions or subcellular localization, as reported for several methylarginine containing RNA binding proteins in higher eukaryotes [10] .
In a few cases, we identified methylarginine in proteins whose homologues are arginine methylated in higher eukaryotes. For example, the Vasa family of RNA helicases, of which T. brucei arginine methylated proteins TbDed1-1 and TbDed1-2 are members, are symmetrically and asymmetrically dimethylated in Drosophila, Xenopus, and mouse, although the functional significance of these modifications is unclear [49] . The ribosomal protein Rps2 is arginine methylated in yeast and humans, albeit by different PRMTs and possibly with different impacts in the two systems [50] [51] [52] . The Mtr4 RNA helicase was recently shown to interact with the major yeast Type I PRMT in vivo, suggesting it might be methylated like its T. brucei homologue [53] . These findings suggest that some functions of arginine methylation exhibit extraordinary evolutionary conservation. In contrast, certain mechanistic roles of arginine methylation in RNA biology that are well understood in higher eukaryotes are clearly absent in trypanosomes. Most strikingly, symmetric dimethylation of arginines in the RG-rich tails of Sm proteins in Sm proteins B/B′, D1, and D3 and subsequent binding of methylarginines by the Tudor domain containing protein, SMN, is essential for spliceosome assembly in mammals [54] . Trypanosome Sm proteins lack RG-rich tails and were not identified in our methylome. Consistent with that finding, T. brucei SMN lacks the Tudor domain that recognizes SDMA [55] . However, the absence of Sm protein methylation does not imply that trans splicing, or the relatively rare cis splicing, in trypanosomes is unaffected by protein arginine methylation. We identified several splicing factors in our methylome including U2AF65, SF3B subunit 1, and Gemin2. In particular, Gemin2 is a key regulator of snRNP assembly in trypanosomes [56] . Thus, arginine methylation may dramatically impact spliceosome assembly in trypanosomes as it does in mammals, albeit through a distinct mechanism.
3.6.
Arginine methylation and DNA associated processes
Another biological process GO term that constituted a large percentage of classifiable T. brucei arginine methylated proteins was DNA binding proteins (Fig. 4B) . Based on GO terms and annotations, proteins involved in transcription and DNA repair were the most common, with 8 and 7 identified as containing methylarginine, respectively. Interestingly, the mammalian enzymes PRMT1, PRMT6, and PRMT7 have all been implicated in DNA repair responses [10] . The most well understood mechanism is the arginine methylation-dependent recruitment of the MRN complex to double stranded breaks through modification of an RG-rich region in its MRE11 subunit [57, 58] . Additionally, PRMT1 and PRMT6 play distinct roles in modulation of DNA polymerase β action in base excision repair [59, 60] . In light of these reports, we wanted to further assess the potential role of arginine methylation in DNA replication and repair in T. brucei by manually curating our list to identify arginine methylated proteins likely to be involved in these processes based on their homology to proteins with such functions in other organisms (Table 2) . With regard to DNA replication, we identified two subunits of the essential eukaryotic replicative DNA helicase, TbMCM6 and TbMCM7 [61, 62] . Methylarginine was also identified in TbMCM8, which has been linked to types of homologous recombination in other systems [61, 63] . Notably, TbMCM6-8 were also recently identified in complex with the TbMCM-BP protein required for repression of life cycle specific, RNA polymerase I transcribed genes [64] . Regarding DNA repair, we identified the DNA excision repair protein, TbSnf2, as an arginine methylated Apurinic/apyrimidinic endonuclease, putative 1 Tb927.8.5710
Recombination initiation protein NBS1, putative 2 protein. In yeast, Snf2 is associated in vivo with and methylated in vitro by the major Type I PRMT, suggesting that modulation of Snf2 function by arginine methylation may be evolutionarily conserved [53] . We detected methylarginine residues in the T. brucei homologues of the PI3K-like kinases, ATM and ATR, which are master regulators of the DNA damage response and repair pathways in other eukaryotes [65] . In addition, the DNA mismatch repair protein, PMS1, harbors ADMA in its highly conserved ATPase domain, suggesting a role for methylation in the global mismatch repair pathway. Regarding the MRN complex described above, the trypanosome MRE11 protein lacks the RG repeats whose methylation is critical in human double stranded break repair, and MRE11 was not identified in our methylome. However, we did detect arginine methylation of the other two MRN complex subunits, RAD50 and NBS1 (Table 2 and  Table S1 ), which have not been reported as methylated in other systems. Thus, similar to pre-mRNA splicing, our data suggest that trypanosomes use arginine methylation to modulate similar pathways as in higher eukaryotes, although the specific proteins involved differ.
Arginine methylation and intracellular protein trafficking
Also identified as substrates for arginine methylation were proteins involved in diverse aspects of intracellular trafficking as depicted in Fig. 6 . This includes TbRab1 (Tb927.8.890) and TbRab6 (Tb927.2.2130). TbRab1 is involved in transport between ER and Golgi [66] , while the putative TbRab6 is thought to be involved in intra-Golgi transport [67] . Homologues of three different vacuolar sorting proteins (VPS), VPS45 (Tb927.10.6780), VPS33 (Tb927.3.2280), and VPS51 (Tb927.10.2130) also contain methylarginine. While these proteins have yet to be studied in T. brucei, higher eukaryote homologues of VPS45 and VPS33 function in vesicle transport to the endosome and vacuole, respectively, while VPS51 facilitates the tethering of vesicles from endosomes to the trans Golgi network during retrograde transport [68] [69] [70] [71] . Tb09.211.4240 is a member of the sorting nexin family, most similar to human sorting nexin 2 (SNX2). A different member of this family, sorting nexin 3, was reported to contain methylarginine in a recent study of the human T cell methylome [14] , and human sorting nexin 17 was identified in anti-ADMA immunoprecipitates from HeLa cells [13] . Also arginine methylated in T. brucei is the delta subunit of the adaptor protein-3 (AP-3) complex (Tb927.5.3610), which is essential for acidocalicisome biogenesis, growth, and virulence in T. brucei [72] . We identified two sites of ADMA in the putative Sec10 protein (Tb927.8.2580) which, in higher eukaryotes, functions as a part of the larger exocyst complex that tethers secretory vesicles at the plasma membrane [73] . Finally, we identified methylarginine on two proteins that function at all stages of transport. RabGAP (Tb11.02.3320) enhances Rab's inherent GTPase activity to produce the inactive, RabGDP form of the protein. The putative N-ethylmaleimide sensitive factor (NSF; Tb927.1.1560), which dissociates SNARE complexes for multiple rounds of vesicle fusion, was shown to contain two sites of methylation; one of which could be resolved as ADMA. It is striking that protein trafficking was discovered as a pathway in which arginine methylation plays an important role in both this study (9 proteins) and a recent arginine methylome analysis of human T cells (6 proteins) [14] . Again, while trypanosomes and humans share an impact of arginine methylation on a common pathway, different players were identified in the two studies. The potential impacts of arginine methylation on protein trafficking revealed by these data have implications for numerous aspects of T. brucei biology and pathogenesis including variant surface glycoprotein-mediated immune evasion [74] .
Amino acid sequences surrounding methylarginines
The results presented here constitute by far the most extensive, unbiased data set gathered to date regarding sites of arginine methylation in any organism. Thus, we analyzed our data to gain insight into the modes of PRMT recognition by querying the amino acid contexts in which methylation of arginine residues occurs. In many cases we were able to differentiate between ADMA and SDMA, allowing us to address whether the sites surrounding these two methylation products differ from each other and from MMA-containing sites. Arginine methylation is frequently reported to occur within the contexts of RG repeats and RXR motifs, but there are some key examples where this dogma does not hold true [10, 75] . In this study, we identified a total of 1332 methylarginines, of which 649 were MMA and 683 were DMA. Of the identified DMA residues, 165 could be resolved as ADMA and 75 as SDMA. To determine the amino acid composition around specific classes of methylarginines, we analyzed the six N-terminal and C-terminal residues of our MMA, ADMA, and SDMA data sets using WebLogo (Fig. 7) . We note that the MMA analysis is somewhat confounded by the fact that MMA can either represent an intermediate product of DMA synthesis or a final PRMT7-catalyzed product. Fig. 7 clearly shows that glycine is the preferred amino acid C-terminal to all classes of methylarginine as well as being highly represented both N-and C-terminal of MMA, ADMA, and SDMA. Nevertheless, differences in the motifs surrounding each type of methyarginine were observed. Most strikingly, ADMA displayed the strongest preference for a C-terminal glycine, while regions surrounding SDMA were less enriched in glycine than were sites surrounding other classes of methylarginine. Regions N-terminal to both SDMA and ADMA displayed a preference for small hydrophobic amino acids such as leucine, alanine, and valine. However, regions C-terminal to SDMA sites differed from those C-terminal to ADMA sites in that charged polar amino acids such as arginine and glutamic acid were preferred over neutral polar amino acids downstream of the methylated arginine. Therefore, although DMA is most often followed by a glycine, SDMA typically exhibits fewer glycine residues surrounding it and displays a stronger preference for both upstream and downstream glutamic acid residues than does ADMA. Regarding the amino acids surrounding MMA, we found that glycine is slightly less prevalent at the +1 position compared to ADMA and SDMA. Additionally, regions N-terminal to MMA exhibited the strongest overall preference for glutamic acid. The distinct pattern of amino acids surrounding MMA residues suggests that a substantial proportion of these modified amino acids are terminal products of PRMT7 rather than intermediates in ADMA or SDMA synthesis.
We recently described amino acid motifs surrounding ADMA and SDMA in mitochondrial proteins [15] , and next wondered whether motifs surrounding a given type of DMA differ between the mitochondrial and non-mitochondrial sets of proteins. Examination of the two populations showed that the regions surrounding ADMA are quite similar. The major exception is that the non-mitochondrial proteins display a much stronger preference for serine downstream of the ADMA compared to the mitochondrial ADMA-containing proteins, whose downstream regions are relatively devoid of serines and enriched in charged amino acids. With regard to SDMA-containing proteins, we observed two qualitative differences between the mitochondrial and non-mitochondrial protein sets. First, the mitochondrial proteins are more highly enriched in arginines upstream of the SDMA residue compared to the nonmitochondrial SDMA-containing proteins, while the nonmitochondrial proteins contain more small amino acids such as alanine, leucine, and valine. Second, the non-mitochondrial SDMA-containing proteins have a higher frequency of glycine at the +1 position compared to the mitochondrial SDMA-containing proteins. Differences between the motifs surrounding mitochondrial and non-mitochondrial DMA residues raise the interesting question as to the identities of mitochondrial PRMTs. One possibility is that the same PRMTs are active in mitochondrial and non-mitochondrial compartments, but that distinct PRMTassociated proteins differentially modulate substrate specificity. We also cannot rule out that the PRMTs have somewhat flexible substrate requirements, and it is the substrate pools that differ in different compartments. Additionally, we have so far not detected any of characterized T. brucei PRMTs in mitochondria by western blot, suggesting that mitochondria might harbor novel PRMTs.
3.9.
Co-occurrence of arginine methylation and phosphorylation Different types of posttranslational modifications frequently influence one another and can act either synergistically or antagonistically. Arginine methylation reportedly affects lysine methylation, acetylation, and phosphorylation [10, 76] . For example, antagonism between arginine methylation and nearby serine phosphorylation of yeast Npl3 regulates the protein's nucleocytoplasmic transport [77] , and a similar antagonism between arginine methylation and serine phosphorylation on the RNA Polymerase II C-terminal domain impacts transcription of specific gene classes in mammals [78] . While there have been no genome-wide studies addressing lysine methylation or acetylation in T. brucei, a proteomic study by Nett, et al. [9] identified phosphorylation sites in bloodstream form T. brucei. We analyzed these data to determine whether arginine methylated proteins identified here have been reported to harbor a phosphorylation modification as well. Of the 676 methylarginine containing proteins, we found that 121 (18%) reportedly contain phosphoamino acids. Reasoning that posttranslational modifications in close proximity would have a higher probability of influencing one another, we next determined if the reported phosphorylated residue was within 10 amino acids of a methylarginine identified in the present study. Using these criteria, we identified 13 proteins with a phosphorylated residue in proximity to methylarginine. For example, the putative kinase Tb11.01.5880 harbors six phosphoserines, all of which lie outside of its predicted catalytic domain. We identified three methylarginines surrounding two of these phosphoserines, two lying one and six residues upstream and one lying six residues downstream of the phosphoserines. Thus, it is possible that these five residues may be regulating one another, similar to arginine methylation-phosphorylation cross talk reported in other systems [76] [77] [78] . It is important to note that although posttranslational modifications may not be near each other in primary sequence, they may be in close vicinity within the tertiary structure of the protein. Therefore, these numbers are likely a vast underestimate of proteins containing methylarginine in close proximity to other modified residues. It will be of great interest to determine the biological effects of cross talk between arginine methylation and other posttranslational modifications as new data sets profiling other modifications become available. 
Evolutionary conservation of arginine methylation sites
T. brucei is an early branching eukaryote of the order Kinetoplastida, which includes additional human pathogens such as Trypanosoma cruzi and Leishmania spp. We next asked whether specific sites of arginine methylation is select proteins are conserved between kinetoplastid species, thereby possibly suggesting a conserved function for specific modified arginines in the biology of these organisms. To this end, we aligned a subset of T. brucei arginine methylated proteins with their homologues from T. cruzi and Leishmania major. A random pool of arginine methylated proteins encoded on chromosome 9 and accounting for over 10% of the total methylarginine-containing proteins was analyzed. Of the 97 methylarginine sites in 79 proteins that were examined, 21 sites in 19 proteins were conserved in both T. cruzi and L. major. After accounting for 9 of these proteins that had no homologue in L. major, these numbers translate to 23.4% of methylarginines being conserved between all three kinetoplastid species. We next performed additional comparison between the two Trypanosoma species. Here, we found that 53 of the 97 methylarginine sites (54.6%) identified in T. brucei harbored an arginine residue at the conserved position in T. cruzi. Reasoning that methylarginines might be more conserved in certain structural contexts than others, we next used the Jpred 3 secondary structure prediction program to determine the spatial context of the methylated arginine residues in our subset of proteins. Of the 97 sites analyzed, 55 (56.7%) methylarginines were predicted to be in an unstructured region, 37 (38.1%) were predicted to reside in an alpha helix, while only 5 (5.2%) were predicted to be in a beta sheet. When we correlated predicted structure with the conservation of methylarginines between T. brucei and T. cruzi, we found that the extent of conservation was similar in all structural contexts. Collectively, these analyses show that methylarginines are somewhat conserved between kinetoplastid species and suggest that approximately one-quarter of L. major and half of T. cruzi arginine methylated proteins may be subject to similar modes of methylationdependent regulation. In addition, beta sheets typically exhibit low levels of arginine methylation, while alpha helices and unstructured regions of proteins both serve as good PRMT substrates.
Conclusion
Using a sensitive, proteome-wide mass spectrometry approach, we identified 676 arginine methylated proteins in PF T. brucei, greatly expanding the set of known methylarginine-containing proteins in biology. Proteins harboring methylarginine account for approximately 10% of the T. brucei proteome, arise from numerous subcellular compartments, and function in diverse cellular pathways. Hence, our data indicate that arginine methylation arose very early in evolution as a widespread mechanism for modulating protein function. We identified only a handful of common arginine methylated proteins between trypanosomes and higher eukaryotes, in part due to the highly diverged nature of trypanosomes as well as the limited datasets available. However, with regard to specific functions such as spliceosome assembly and double-stranded DNA break repair, our data suggest that homologous pathways may be impacted by arginine methylation, although the target proteins that undergo methylation may differ between evolutionarily divergent organisms. We identified protein trafficking as one pathway in which methylarg proteins function at numerous steps, reminiscent of recent findings in human T cells [14] . Interestingly, this class of arginine methylated proteins was not enriched in previous arginine methylome studies that entailed immunoprecipitation with anti-methylarginine antibodies, possibly due to the specificity of available antibodies for methylarginines in glycine-rich contexts [13] . Overwhelmingly, the motifs surrounding methylarginines in trafficking proteins were non-canonical, with less than 10% of the methylarginines preceeded by a glycine and less than 30% followed by one. This suggests that continued use of unbiased approaches such as the one used here is likely to reveal new functions for arginine methylation. We also identified several methylarginine-containing proteins associated with DNA transcription, replication, and repair. However, histones, whose methylation on arginine residues is an important aspect of the histone code in higher eukaryotes, were not identified in our study, likely due to the method of sample preparation. Previous analysis of histone modifications in trypanosomes also failed to identify methylarginine, although technical limitations may have been at play here as well [79, 80] . Thus, targeted studies aimed at detecting methylarginine in T. brucei histones are underway in our laboratory. A substantial percentage of arginine methylated proteins identified here function in RNA biology. Given the pivotal role of posttranscriptional gene regulation in kinetoplastids, our data suggest that arginine methylation affects gene expression at almost every step. We showed that proteins that undergo arginine methylation differ between life cycle stages of T. brucei, and it is likely that arginine methylation will impact differentiation in trypanosomes as it does in mammals [81] . An important future question regards the proteins that read arginine methylmarks in trypanosomes. In humans, Tudor domain proteins are the sole known methylarginine readers [81] . However, there appears to be a paucity of Tudor domain proteins in T. brucei, suggesting novel proteins that read arginine methyl marks await discovery in this system. Finally, we expect that studies illuminating the molecular functions of specific arginine methylmarks in T. brucei biology will be rapidly forthcoming due to the large number of genetic techniques applicable to this organism.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jprot.2013.07.010.
